Few studies have demonstrated gene/environment interactions in cancer research. Using data on high-risk occupations for 2258 case patients and 2410 control patients from two bladder cancer studies, we observed that three of 16 known or candidate bladder cancer susceptibility variants displayed statistically significant and consistent evidence of additive interactions; specifically, the GSTM1 deletion polymorphism (P interaction ≤ .001), rs11892031 (UGT1A, P interaction = .01), and rs798766 (TMEM129-TACC3-FGFR3, P interaction = .03). There was limited evidence for multiplicative interactions. When we examined detailed data on a prevalent occupational exposure associated with increased bladder cancer risk, straight metalworking fluids, we also observed statistically significant additive interaction for rs798766 (TMEM129-TACC3-FGFR3, P interaction = .02), with the interaction more apparent in patients with tumors positive for FGFR3 expression. All statistical tests were two-sided. The interaction we observed for rs798766 (TMEM129-TACC3-FGFR3) with specific exposure to straight metalworking fluids illustrates the value of integrating germline genetic variation, environmental exposures, and tumor marker data to provide insight into the mechanisms of bladder carcinogenesis.
Occupational exposures are a leading cause of bladder cancer, second only to smoking (1) . Over 40 high-risk occupations for bladder cancer have been identified (1) (2) (3) , yet few studies have examined whether the occupational risk is modified by genetic factors. We have demonstrated that the effect of smoking on absolute risk of bladder cancer, quantified using risk difference (RD) parameters, can vary by genetic susceptibility loci for bladder cancer (4) (5) . To further explore gene/environment interactions, we examined whether common single-nucleotide polymorphisms (SNPs) modify the association between employment in high-risk occupations and bladder cancer risk using data from 2258 case patients and 2410 control patients who participated in the New England Bladder Cancer Study (NEBCS) and the Spanish Bladder Cancer Study (6) (7) . All subjects gave informed consent, and each study was approved by the host institution's internal review board.
Lifetime occupational histories were obtained and exposureoriented questionnaire modules were administered to elicit information on selected exposures (2-3). High-risk occupations were identified separately by sex in each study (2) (3) , defined as those with bladder cancer odds ratios (ORs) of 1.5 or greater and with 10 or more employed individuals (Supplementary Table 1 , available online), and were analyzed as a group hypothesizing a common mechanism of action from exposure to a mixture of putative carcinogens. We also assessed interactions with an a priori suspect occupational exposure, straight metalworking fluids (composed of mineral oils plus additives), which is common among the more prevalent high-risk occupations in both New England and Spain (Supplementary Table 1 , available online). Based on detailed exposure data to quantify exposure to straight metalworking fluids in the NEBCS, we have shown a statistically significant association with increased bladder cancer risk (8) . We used data on 16 SNPs identified as susceptibility variants for bladder cancer (4, (9) (10) (11) (12) (13) (14) (15) (16) (17) to evaluate multiplicative and additive interactions. The Supplementary Materials (available online) contain additional details on genotyping, genome-wide interaction analysis, and the statistical methods used to assess interaction (5, 18) . All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant.
For five loci we observed a statistically significant interaction with employment in a high-risk occupation (P interaction < .05) ( Table 1) . Four loci had statistically significant differences in the RD for high-risk occupation by genotype (P additive interaction < .05) (Table 1) , the GSTM1 deletion polymorphism (P interaction ≤ .001), rs11892031 (UGT1A, P interaction = .01), rs907611 (LSP1-miRNA-4298, P interaction = .01), and rs798766 (TMEM129-TACC3-FGFR3, P interaction = .03). In sensitivity analyses based on higher odds ratio cutpoints to define high-risk occupation (OR ≥ 1.7 or ≥ 2.0), three of these four SNPs showed consistent evidence for differences in RD for high-risk occupation by genotype, specifically rs11892031 (UGT1A), rs798766 (TMEM129-TACC3-FGFR3), and GSTM1 present/null genotype (Supplementary Table 2 , available online). Evidence of additive interactions for rs798766 (TMEM129-TACC3-FGFR3) and GSTM1 present/null genotype were also present when the genotypes were modeled as a three-level categorical variable rather than as a binary variable assuming a dominant model (Supplementary Table 3 , available online). The evidence for additive interaction was strongest for GSTM1. We estimated that the difference in the 30-year absolute risk for men age 50 years living in the United States with and without a highrisk occupation was 3.0% for carriers of GSTM1-null and 1.9% GSTM1-present genotypes (Supplementary Table 4 , available online) (5, 19) . There was limited evidence of multiplicative interaction, with only rs401681 (TERT-CPTML) showing statistically significant differences in the relative risk for high-risk occupation by genotype (P multiplicative interaction = .03) ( Table 1; Supplementary  Table 2 , available online).
Recognizing that employment in high-risk occupations reflects heterogeneous exposures, we further explored interactions using detailed data on a specific exposure, straight metalworking fluids. We observed statistically significant differences in the RD for straight metalworking fluids by rs798766 genotype (P additive interaction = .02) ( Table 2; Supplementary Table 4 , available online).
Because rs798766 is located within the FGFR3 region and somatic changes in FGFR3 have been described in bladder tumors, we explored the relationship between tumor FGFR3 expression, the rs798766 genotypes, and straight metalworking fluids exposure (see the Supplementary Material, available online). Using FGFR3 immunohistochemistry data on 483 tumors from New England, we observed a statistically significant association between increased FGFR3 expression and the rs798766 risk allele (P = .01) (see the Supplementary Materials and Supplementary  Figures 1-3 , available online), consistent with a previous report (10) . Data on mRNA expression from 197 bladder tumors also showed a trend of higher levels of FGFR3 expression with the rs798766 risk allele (Supplementary Figure 4 , available online). Interestingly, the interaction between straight metalworking fluids and rs798766 was more apparent in the subset of patients with tumors displaying strong/intermediate FGFR3 expression (P additive interaction = .02) compared with those with weak/no FGFR3 expression (P additive interaction = .80) (Supplementary Table 5 , available online). We found no association between the rs798766 and exposure to straight metalworking fluids in control patients, confirming that these factors are independent. Cumulatively, these data provide support that FGFR3 expression may play a role in defining the underlying mechanistic interaction between the rs798766 and straight metalworking fluid exposure.
It is of interest to note that the three polymorphisms with consistent statistically significant additive interactions with high-risk occupation (GSTM1 null, rs11892031 [UGT1A], rs798766 [TMEM129-TACC3-FGFR3]) have also been observed to have statistically significant additive interactions with exposure to tobacco smoke (4, 5, 20) . Given that GSTM1 and UGT1A are known carcinogen-metabolizing genes, our findings suggest that these genes may be important in the detoxification of one or more bladder chemical carcinogens in both tobacco and some highrisk occupations. Interestingly, a German study also found evidence of interaction among case patients who were both carriers of the GSTM1-null genotype and were employed in occupations exposed to known bladder carcinogens (21, 22) . Further, we present evidence linking exposure to straight metalworking fluids with bladder cancer risk using FGFR3 tumor expression data. Given that rs798766 also interacts with tobacco smoke (4), these data support the hypothesis that there may be pathways that are common to genotoxic exposures in tobacco smoke and straight metalworking fluids. Lastly, our data support the rs798766 (TMEM129-TACC3-FGFR3) results to be a biologically plausible interaction and also add to the weight of the evidence linking exposure to straight metalworking fluids to bladder cancer risk.
Strengths of our study include high-quality detailed occupational exposure data in two large, well-designed case-control studies. Limitations of our study include limited power to broadly explore gene/environment interactions using the entire genome-wide association study data. Larger studies are needed to replicate and extend the observed findings. Only the P value of less than .001 for the additive interaction test of GSTM1and brief communication .28
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*A high-risk occupation was defined to include all occupations where the odds ratio was 1.5 or higher and 10 or more individuals were employed. CI = confidence interval; OR = odds ratio; SNP = single-nucleotide polymorphism; Ref = reference. † Odds ratios are adjusted for smoking status, region/state, age, and sex. All tests for gene/environment interactions were conducted using categorical variables (each single-nucleotide polymorphism was coded as a dichotomous variable indicating the presence or absence of any risk allele). ‡ Test for additive interaction based on likelihood ratio test assuming gene-environment independence; all statistical tests were two-sided. § Test for multiplicative interaction based on likelihood ratio test assuming gene-environment independence; all statistical tests were two-sided.
Downloaded from https://academic.oup.com/jnci/article-abstract/107/11/djv223/2457676 by guest on 21 January 2019 brief communication brief communication high-risk occupation remained statistically significant after Bonferroni correction; however, our study revealed additional loci with suggestive interactions with high-risk occupation (eg, UGT1A and LSP1) that will require further study. In addition, although we were able to follow up on our observation of gene/ environment interactions with high-risk occupation to a specific prevalent occupational exposure, straight metalworking fluids, we were unable to explore interactions with less prevalent exposures in our study populations because of small numbers of exposed subjects.
In summary, our study provides evidence of gene/environment interactions for occupational exposures and susceptibility loci for bladder cancer. In particular, the interaction we observed for rs798766 (TMEM129-TACC3-FGFR3) with specific exposure to straight metalworking fluids illustrates the value of integrating germline genetic variation, environmental exposures, and tumor marker data to provide insight into the mechanisms of bladder carcinogenesis.
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